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INTRODUCTION
The oxygen reduction reaction (ORR) is a characteristic 
reaction of fuel cell technologies. However, its sluggish 
kinetics is one of the biggest hurdles for the development 
of fuel cells for clean energy production [1]. This problem 
must be solved by a highly active catalyst for the ORR. 
The state-of-the-art of fuel cell catalysts are based on 
platinium (Pt) particles [2]. Low abundance, high cost and 
low stability of Pt are the most technical limitations in the 
commercialization of fuel cell technology [3]. To decrease 
fuel cell cost and to reduce or eliminate the Pt loading, a 
highly active and cost-effective catalysts are needed in 
the near future. To enhance the oxygen reduction activity 
and reduce the amount of Pt content in electrodes of 
fuel cells, significant research has been focused on Pt-
based alloy catalysts [4-6], non-precious metal catalysts 
[7-9], metal-free carbon-based catalysts [10-13]. 
Among these, gold (Au) catalysts have been observed 
to exhibit moderate activity in alkaline solutions [14-15]. 
Erikson et al. prepared carbon supported Au catalysts, 
and observed that their ORR activity varied with the 
nanoparticle size and the catalyst loading. Zhang et 
al., Tang et al., and Inasaki et al. investigated the Au 
nanoparticle size effects on the ORR activity [16-18]. 
Their studies reported that the Au nanoparticles with the 
size ranging from 3 nm to 10 nm showed the enhanced 
ORR activity. Also they reported that the smaller one 
took a four electron reduction pathway but the larger one 
took a two electron reduction pathway.
The geometric and electronic structure of nanoparticle 
catalysts impact greatly on the catalyst performance 
because the ORR activity largely depends upon 
the catalyst surface chemistry. Recently, Luna et al. 
synthesized homogeneous, porous nanostars of a Pt, 
palladium (Pd) or Pt-Pd alloy shell supported on an Au core 
and demonstrated their electrocatalytic activity towards 
the ORR in acidic media. Their catalysts catalyzed the 
ORR effectively and offered high performance in terms 
of mass activity and specific activity with high E1/2 values 
of 0.93-0.96 V [19]. 
Au-based nanostars (AuNSs) have been investigated 
as promising subjects in catalytic, optical and medical 
research fields because of their specific geometric 
structure and nature. Few research results on the 
electrocatalytic activity of the AuNSs towards the ORR 
have been reported in alkaline condition. In the present 
study, we aimed to synthesize Pt-free AuNSs and 
demonstrate their preliminary electrocatalytic activity 
towards the ORR by a rotating-disk electrode (RDE) 
technique in alkaline medium. 
EXPERIMENTAL
Materials: Hydrogen tetrachloroaurate (III) trihydrate 
(HAuCl4×3H2O, 99.999%, Sigma Aldrich), silver nitrate 
(AgNO3, 99.99%, Sigma Aldrich), Trisodium citrate 
dehydrate (C6H5O7Na3×2H2O, 99%, Sigma-Aldrich), 
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study results infer that the size of the Au-based nanostars may influence greatly on their catalytic activity. The present study 
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ascorbic acid (AA, C6H8O6, ≥99.0%, Sigma Aldrich), and 
cetyltrimethylammonium bromide (CTAB, C19H42BrN, 
98%, Sigma-Aldrich) were used to synthesize the 
nanostars. All reagent stock solutions were prepared 
with ultrapure deionized water.
Synthesis of gold nanostars (AuNS): A solution 
containing gold-seed nanoparticles was prepared in 
the first step. It was prepared by adding 15 ml of 1% 
trisodium citrate to 100 ml of a boiling aqueous solution 
of 1 mM HAuCl4. The resultant solution was boiled for 
an additional 15 min and cooled to room temperature 
in an ice bath. Then the wine-red cold solution was 
filtered through a 0.22 μm nitrocellulose membrane, and 
stored at 4°C until next use. In the second step, AuNSs 
were synthesized using the as-prepared gold-seed 
nanoparticles. To obtain the AuNSs, 100 μl of the gold-
seed solution was added to a 10 ml solution of 0.25 mM 
HAuCl4 containing 10 μl of 1 M HCl, immediately followed 
by the simultaneous addition of 50 μl 0.1 M AA and 
100 μl of AgNO3 (0.5, 2, or 3 mM; samples designated 
AuNS5, AuNS20 and AuNS30 based upon the AgNO3 
concentration) under moderate stirring (700 rpm) for 20 
min. Then, AuNS solution was centrifuged at 4000 rcf for 
20 min at 4°C, the supernatant was discarded, and the 
particles rinsed with 10 ml of distilled water once. Then 
it was re-dispersed in 3 ml of distilled water and used for 
the further investigation. 
Catalyst characterization: The morphology and 
composition of the gold-seed nanoparticles and AuNSs 
were investigated by the field emission scanning electron 
microscope (JEOL JSM‒7001F) and a transmission 
electron microscope (JEOL JEM-2100). The 
electrocatalytic activities of the synthesized nanostars 
were evaluated using a Solartron 1280C potentiostat and 
a rotator (Ametek 636A, Princeton Applied Research) at 
ambient temperature (25 ± 2°C).
Working electrode preparation: The working 
electrodes supported on glassy-carbon (GC) disk 
electrodes (0.196 cm2; Pine instrument) were prepared 
as reported by Suntivich et al. [20]. The GC disk 
electrodes were polished to a mirror finish with 0.05 μm 
alumina slurry (ALS) before each measurement. Vulcan 
XC72 carbon was employed as a conducting additive. 
Nafion (5 wt%, 0.924 g ml‒1, Sigma-Aldrich) solution was 
used as a binder of catalysts. For each catalyst, an ink 
was composed of a mixture of an AuNS solution (200 µl), 
Vulcan XC72 (5 mg), and the 5% Nafion solution (20 µl) 
dispersed in a mixture of 3 ml water and 2 ml ethanol. 
The ink was sonicated in an ice bath for 1 h in order to 
obtain a homogenous ink. Then, 10 µl of the ink was 
drop-cast onto a GC disk electrode and dried in a static 
air for at least 30 min. 
Electrochemical measurements: RDE measurements 
were carried out in a three-electrode Teflon cell. A 0.1 
M KOH electrolyte (100 ml) was freshly prepared from 
Milli-Q water (18 MΩ cm) and KOH (99.99%, Sigma-
Aldrich) before each measurement. A platinum spiral 
and a Hg/HgO electrode were used as counter (CE) 
and reference (RE) electrodes, respectively. The RE 
was calibrated in the same electrolyte by performing 
hydrogen oxidation/evolution currents on a Pt plate 
using the RDE. The potential of zero current was 
determined as the reversible hydrogen electrode (RHE) 
potential and 0 V vs. RHE corresponds to 0.85 V vs. 
RE in this study. All the potentials were referenced to 
the RHE potential scale, and iR-corrected if necessary. 
The uncompensated ohmic electrolyte resistance 
(≈ 40 Ω) was determined via the impedance experiment 
in the same electrolyte. The electrolyte was degassed 
with N2 gas before the electrochemical measurements. 
The ORR activities were measured by hydrodynamic 
voltammetry using a RDE in an O2-saturated 0.1 M KOH 
at room temperature between 0.3 V to 1.1 V vs. RHE at a 
scan rate of 10 mV s-1 with different rotation speeds. The 
capacitive current of AuNSs catalysts was removed by 
subtracting the ORR polarization trace of O2 from linear 
sweep voltammograms in N2 at the same scan rate. 
RESULTS AND DISCUSSION
The syntheses of AuNSs were initiated the preparation 
of gold-seed nanoparticles. Using the gold-seed 
nanoparticles, three types of AuNSs were synthesized 
by a seed-mediated method according to the report of 
Andrew et al. [21]. AuNSs are designated by the final 
concentration of AgNO3 which is used to control the 
branching. For examples, AuNS5, AuNS20 and AuNS30 
were obtained using 5 µM, 20 µM and 30 µM of AgNO3 
solution, which was added to the reaction mixture. In the 
synthesis of AuNSs, AA serves as the reducing agent, 
with silver nitrate used as the precursor to elemental 
silver. 
The formation of the gold-seed nanoparticles was 
confirmed by its TEM images shown in Figure 2. The 
gold-seed nanoparticles are homogeneous and have 
an average particle size around 12-16 nm which was 
consistent with the size reported by Andrew et.al. In 
addition, the SEM (Figure 1) and TEM (Figure 2) images 
were used to confirm the formation of AuNSs. The SEM 
and TEM images of all the samples clearly show star-
like shapes. In SEM images, the star-like shapes were 
clearly observed for all the catalysts.  
From the TEM images, among the three types of AuNSs, 
they vary in core size of the particle, the length, and 
number of branches. With AuNS5 having a smaller core 
and few broad branches, the amount of silver required 
for subtotal coverage is less than that from AuNS30, 
having a larger core and more sharp branches. The 
ORR activities of as prepared AuNSs catalysts were 
carried out in oxygen-saturated 0.1 M KOH solution on 
a glassy carbon electrode at room temperature. Figure 
3(a) compares the ORR activities of AuNS5, AuNS20, 
AuNS30 at a rotating rate of 1600 rpm. AuNS5 showed 
25 mV more positive potential compared with AuNS20 
and AuNS30 catalysts, indicating an enhanced ORR 
activity of AuNS5. The better behavior of AuNS5 may 
be attributed to a smaller core size of AuNS5 catalysts. 
Pt/C still shows the highest activity (Figure 3(b)). In the 
Figure 3(a) and 3(b), the linear sweep voltammograms 
in the negative-going direction were normalized to the 
geometric surface area of the working electrode.       
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Fig. 1. SEM images of the AuNS5, AuNS20 and AuNS5 nanostars. A bar equals to 10 nm.
Fig. 2. TEM images of the AuNS5, AuNS20 and AuNS5 nanostars. 
A bar equals to 20 nm for Au-seed nanoparticles and 100 nm for nanostars.
Fig. 3. A. The ORR activities of AuNS5, AuNS20, AuNS30, and 
B. the ORR activity of Pt/C catalysts in O2-saturated 0.1 M KOH at 1600 rpm.
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Among the investigated catalysts, AuNS5 exhibited the 
highest limiting current density (1.6 mA cm-2) and the 
largest onset reduction potential (0.65 V) for the ORR. 
As shown in Figure 3(a), the electrocatalytic activities 
of the AuNSs increased in the order of AuNS30 < 
AuNS20 < AuNS5. With increasing the Ag amound in 
the AuNSs, the increase in the length and number of 
branches of nanostars was observed in the TEM images 
as well as SEM images. However, the electrochemical 
measurements indicated that the catalytic activity of 
AuNSs towards ORR was not influenced by the number 
and length of branches in AuNSs catalysts. It may suggest 
that core size of the nanostars plays in important role 
in their catalytic activity.To evaluate the kinetics of ORR 
of as prepared AuNSs catalysts, the reaction kinetics 
were evaluated by the RDE method. The steady-state 
polarization curves were recorded from 0.3 to 1.1 V vs. 
RHE at a scan rate of 10 mV s-1 in O2-saturated 0.1 M 
KOH by varying the rotation rates.
Figure 4(a) shows the rotating-disk voltammograms of 
oxygen reduction recorded at AuNS5 electrode in an 
O2-saturated 0.1 M KOH solution at different rotation 
rates. Figure 4(b) depicts the Kottecky-Levich (K-L) plots 
with good linearity of AuNS5, AuNS20, and AuNS30 
catalysts. The kinetic parameters can be analyzed with 
the Koutecky-Levich equation (Equation 1).      
(1)
Where:
According to this equation, the number of electrons 
transferred (n) and jk can be obtained from the slope 
and intercept of the K-L plots, respectively. To obtain the 
number of electrons transferred in the ORR and kinetic 
current density (jk), the overall current density was 
plotted against the square root of the angular velocity (ω-
1/2). The electron number of transferred in the ORR for all 
the AuNSs is found to be about two. The results indicate 
that the further improvement is needed to increase the 
ORR activity of these catalysts.
CONCLUSIONS
We have demonstrated preliminary electrocatalytic 
activities of Au-based nanostars towards the ORR 
reaction. Among the investigated nanostar catalysts, a 
AuNS5 with smaller size and a few branches showed 
the highest electrocatalytic activity. It infers that the size 
of the Au-based nanostars may influence greatly on their 
catalytic activity. In addition, the present study results 
show that the further improvement is needed for this kind 
of catalysts and subject to next study.
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